ABSTRACT Human noroviruses are the primary cause of severe childhood diarrhea in the United States, and they are of particular clinical importance in pediatric populations in the developing world. A major contributing factor to the general increased severity of infectious diseases in these regions is malnutrition-nutritional status shapes host immune responses and the composition of the host intestinal microbiota, both of which can influence the outcome of pathogenic infections. In terms of enteric norovirus infections, mucosal immunity and intestinal microbes are likely to contribute to the infection outcome in substantial ways. We probed these interactions using a murine model of malnutrition and murine norovirus infection. Our results reveal that malnutrition is associated with more severe norovirus infections as defined by weight loss, impaired control of norovirus infections, reduced antiviral antibody responses, loss of protective immunity, and enhanced viral evolution. Moreover, the microbiota is dramatically altered by malnutrition. Interestingly, murine norovirus infection also causes changes in the host microbial composition within the intestine but only in healthy mice. In fact, the infection-associated microbiota resembles the malnutrition-associated microbiota. Collectively, these findings represent an extensive characterization of a new malnutrition model of norovirus infection that will ultimately facilitate elucidation of the nutritionally regulated host parameters that predispose to more severe infections and impaired memory immune responses. In a broad sense, this model may provide insight into the reduced efficacy of oral vaccines in malnourished hosts and the potential for malnourished individuals to act as reservoirs of emergent virus strains.
IMPORTANCE Malnourished children in developing countries are susceptible to more severe infections than their healthy counterparts, in particular enteric infections that cause diarrhea. In order to probe the effects of malnutrition on an enteric infection in a well-controlled system devoid of other environmental and genetic variability, we studied norovirus infection in a mouse model. We have revealed that malnourished mice develop more severe norovirus infections and they fail to mount effective memory immunity to a secondary challenge. This is of particular importance because malnourished children generally mount less effective immune responses to oral vaccines, and we can now use our new model system to probe the immunological basis of this impairment. We have also determined that noroviruses evolve more readily in the face of malnutrition. Finally, both norovirus infection and malnutrition independently alter the composition of the intestinal microbiota in substantial and overlapping ways.
HuNoV pathogenesis since their initial discovery in 2003 (6) (7) (8) .
One commonly used murine model of malnutrition involves feeding mice a diet low in protein (9) (10) (11) (12) (13) (14) (15) . Here we report that this specific form of malnutrition results in MNV-induced weight loss, impaired control of infection, muted antibody responses that correlate with an absence of protective immunity, enhanced viral evolution, and significant changes in the intestinal microbiota. Overall, we present a powerful new model system to probe the complex dynamic between nutrition, mucosal immunity, microbial composition, and the outcome of enteric viral infections.
RESULTS

Malnutrition is associated with norovirus-induced weight loss.
To determine whether malnourished mice experience more severe MNV infection, groups of mice were weaned on either a 2% (malnourished group) or 20% (healthy group) protein-based diet. Healthy mice gained weight throughout this period, whereas malnourished mice failed to thrive (Fig. 1A) , as expected. At 12 days postweaning, mice were administered mock inoculum or 10 7 50% tissue culture infective dose (TCID 50 ) units MNV-1 orally (p.o.) and weighed daily through 7 days postinfection (dpi). The weights of mock-inoculated and MNV-1-infected healthy mice were comparable at all time points except at 3 dpi, when the MNV-1-infected mice actually weighed slightly more than controls; in contrast, the weights of MNV-1-infected malnourished mice were reduced 3% compared to those of their mock-infected counterparts at 2 and 3 dpi (Fig. 1B) . To investigate more thoroughly the pathogenic outcome of MNV-1 infection in healthy and malnourished mice, groups of mice were harvested at 1, 3, and 7 dpi and assessed for intestinal fluid accumulation as an indicator of gastroenteritis. We did not utilize visual scoring of fecal consistency as a measure of disease (as we have in previous studies [16] [17] [18] ) because the feces in malnourished naive and MNV-1-infected mice are very hard and brittle. To our surprise, healthy mice infected with MNV-1 for 3 days presented with significant intestinal fluid accumulation (Fig. 1C) ; this pathology resolved by 7 dpi. No disease was observed in healthy infected mice at 1 dpi (data not shown). Malnourished mice also presented with significant intestinal fluid accumulation at 3 dpi (Fig. 1C) . Groups of animals maintained on their respective diets for 5 weeks prior to infection displayed comparable phenotypes in terms of weight loss and intestinal fluid accumulation (data not shown). We conclude that mice were fed either a 2% (gray lines; malnourished) or 20% (black lines; healthy) protein diet for 12 days postweaning. (A) Each mouse (n ϭ 40, total, in six experimental replicates) was weighed daily and compared to the day zero (d0) weight to calculate percent body weight over time. Data are presented as the average percent body weight per diet group. (B) Groups of mice on each diet (n ϭ 3 to 5 per experiment in five experimental replicates) were mock inoculated or infected with 10 7 TCID 50 units MNV-1 p.o. and weighed daily for 7 dpi. The ratio of the average weight relative to that at 0 dpi in MNV-1-infected mice versus the average weight relative to that at 0 dpi in mock-inoculated mice for each diet group was calculated; the averages from all experiments were then averaged. The relative weights for mock-inoculated control mice were compared to those for MNV-1-infected mice in each diet group for statistical purposes. (C) Groups of C57BL/6 mice fed either a 2% or 20% protein diet were mock inoculated (gray bars) or infected with 10 7 TCID 50 units MNV-1 (black bars) p.o. At 3 and 7 dpi, groups of mice (n ϭ 5 to 9, total, in three experimental replicates) were harvested, and the weight and length of the small intestine were recorded. Data are presented as the averaged weight per length for all mice per group. Groups of mice receiving mock inoculum versus MNV-1 infection in the same diet group at the same time point were compared for statistical purposes.
both healthy and malnourished mice are susceptible to symptomatic MNV-1 infection, but the overall outcome of infection is more severe in the malnourished host, as indicated by modest weight loss.
Malnutrition results in impaired control and delayed clearance of norovirus infection. We next tested whether malnutrition affects the magnitude and kinetics of in vivo virus replication by measuring virus loads at 1, 3, 7, and 10 dpi. While no virus was detectable in the stomachs of healthy mice, low levels were detected in the stomachs of malnourished mice 1 to 7 dpi ( Fig. 2A) . In the small intestine (duodenum/jejunum, proximal ileum, and distal ileum), colon, and mesenteric lymph nodes (MLNs), virus loads were comparable between the two groups at 1 and 3 dpi but were significantly higher in the malnourished mice at 7 dpi (Fig. 2B to D and 2F and G). In contrast, virus loads in the cecum were comparable between the two groups at all time points (Fig. 2E) . Finally, splenic titers of virus were significantly higher in malnourished mice at 3 and 7 dpi (Fig. 2H) . While virus was cleared from nearly all tissues of healthy mice by 7 dpi, clearance was delayed in malnourished mice, although it did occur by 10 dpi. It should be noted that in spite of the apparent viral clearance in both groups of mice by 7 to 10 dpi when measuring infectious virus, we were able to detect viral genomes in fecal samples of all mice as late as 50 dpi; this is relevant to viral diversity studies described below. Overall, malnutrition results in enhanced viral replication in the stomach and spleen and delayed clearance of infection in all tissues except the cecum.
Antiviral antibody responses are reduced in the malnourished host, correlating with ablated protective immunity. Because malnutrition has negative consequences on immune responses (9, (19) (20) (21) (22) (23) (24) , we next questioned whether mice fed a 2% protein diet would mount less effective MNV-specific immune responses. Groups of mice fed either a 2% or 20% protein diet were either mock inoculated or infected with 10 6 TCID 50 units MNV-1. Fecal pellets and serum were collected from each mouse at weekly intervals and tested in virus-specific enzyme-linked immunosorbent assay (ELISA) for IgA and IgG, respectively. There was a dramatic reduction in antiviral mucosal IgA at 1 to 6 weeks postinfection in malnourished mice compared to levels in their healthy counterparts (Fig. 3A) . Surprisingly, then, the antiviral serum IgG responses were comparable between the two groups, with only slightly lower levels in malnourished mice at 1 and 6 weeks postinfection (Fig. 3B) . Based on the reduced levels of antiviral mucosal antibody in MNV-1-immunized malnourished mice compared to those in healthy mice, we tested whether malnutrition impairs protective immunity to MNV-1, using viral tis- Groups of C57BL/6 mice were fed either a 2% (gray bars; malnourished) or 20% (black bars; healthy) protein diet for 12 days postweaning. Both groups were then infected with 10 6 TCID 50 units MNV-1 p.o. At 1 dpi (n ϭ 3), 3 dpi (n ϭ 8), and 7 dpi (n ϭ 7), mice from each group were harvested, the indicated tissues were dissected, and viral titers were determined by plaque assay. The data are reported as PFU/g of tissue, and the data for all mice per group are averaged. The two diet groups were compared at each time point for each tissue for statistical purposes.
sue titers as a measure of protection. We have previously reported that MNV-1 fails to elicit robust protective immunity in C57BL/6 mice (18, 25) . It should be noted that previous studies used an intermediate immunization dose of 10 4 TCID 50 units MNV-1. We report here that the higher immunization dose of 10 6 TCID 50 units elicited measurable protective immunity in healthy C57BL/6 mice; in contrast, in malnourished mice, it failed to elicit comparable protective immune responses under these conditions (Fig. 4) : while healthy mice displayed nearly undetectable secondary virus titers in all tissues analyzed, the secondary viral titers in malnourished mice were not reduced compared to primary titers in any tissue other than the spleen. Remarkably, immunized malnourished mice actually contained 10-fold-higher distal ileum and MLN virus loads than malnourished mice receiving primary infection. Because we observed quantifiable intestinal fluid accumulation in both healthy and malnourished mice at 3 dpi (see Fig. 1C) , it was also possible to assess whether a prior virus challenge protected mice from disease. Indeed, healthy mice receiving a secondary MNV-1 challenge failed to display significant intestinal fluid accumulation (Fig. 5B) . In contrast, intestinal fluid accumulation was statistically similar in malnourished mice receiving primary and secondary MNV-1 infections, and both groups displayed significantly increased levels of intestinal fluid compared to results for naive mice (Fig. 5A) . Overall, malnourished mice are specifically impaired in their ability to mount a mucosal antibody response to MNV-1, correlating to an absence of protective immunity.
There is increased viral divergence in malnourished mice. Because host immune responses are known to be a strong driver of pathogen evolution and we observed significantly reduced MNVspecific immune responses in malnourished mice compared to those in healthy mice, we questioned whether the degree of NoV diversity would be influenced by nutritional status. Specifically, we measured genetic diversity in the MNV-1 open reading frame 2 (ORF2) gene over time in the feces of malnourished and healthy mice. We chose to investigate ORF2 diversity because it encodes the major structural protein of NoVs, referred to as VP1, which is subdivided into a conserved shell (S) domain and a more variable protruding (P) domain; the P domain can be further divided into the P1 stalk region and the hypervariable P2 region making up the tips of the arches (26) . Evidence indicates that antigenic and receptor binding domains are located in P2 (see reference 27 and references therein). Moreover, VP1 plays a role in dictating MNV virulence (28, 29) . Diversity was modestly lower in both groups of animals than the average diversity in the infecting viral stock at 35 and 50 dpi, suggesting a possible population bottleneck during the in vivo evolution of the virus (data not shown). Average divergence from the infecting viral stock was also not significantly different between healthy and malnourished hosts at 35 dpi (data not shown). However, it was significantly higher in malnourished mice than in controls at 50 dpi (Fig. 6) . Importantly, the number of nonsynonymous (dN) substitutions compared to the sequence of the infecting viral swarm was also significantly higher in malnourished animals than in healthy controls at this time point, while synonymous (dS) substitutions were not significantly different (Fig. 6 ). Since an increase in dN generally indicates an increased fixation rate of coding changes that may be due to the emergence of variants with higher fitness, we investigated the location of coding changes in the VP1 P domain. Specifically, we mapped each mutation detected in the two diet groups at 35 and 50 dpi on the MNV-1 VP1 P-domain crystal structure. There were more coding changes observed in the VP1 P domain of malnourished mice at 50 dpi than at 35 dpi (Fig. 7) , consistent with immune-driven evolution. Moreover, there were more changes in the VP1 P domain for malnourished mice at 50 dpi than for healthy mice at the same time point (Fig. 7) , revealing that MNV-1 evolves more readily in a malnourished environment.
Malnutrition and norovirus infection are associated with dramatic changes in the composition of the microbiota. The intestinal microbiota is modified by nutrition (30) (31) (32) (33) and itself shapes mucosal immunity (34) (35) (36) . Moreover, the microbiota can directly regulate viral infections (37, 38) , and enteric viral infections can cause alterations in the microbial composition (39, 40) , underscoring the complex and interdependent relationships be- Groups of C57BL/6 mice (n ϭ 8 to 9, total, in two experimental replicates) were fed either a 2% (gray lines; malnourished) or 20% (black lines; healthy) protein diet for 12 days postweaning and then mock inoculated or infected with 10 6 TCID 50 units MNV-1 p.o. At 1, 2, 4, and 6 weeks postinfection, fecal pellets and serum were collected from each mouse. Virus-specific antibody was detected by standard ELISA using an anti-mouse IgA secondary for fecal lysates (A) or anti-mouse IgG secondary for serum samples (B). Data are reported as the average absorbance readings for all mice per condition. All samples collected from mock-inoculated mice tested negative (data not shown). The two diet groups were compared at each time point for statistical purposes.
tween nutritional status, mucosal immunity, and the microbiota that drive host responses to enteric infections. To test whether malnutrition in our system alters the microbiota, groups of mice fed either a 2% or 20% protein diet were administered mock inoculum or 10 7 TCID 50 units MNV-1. Fecal samples from individual mice at 0 to 5 dpi were analyzed for microbial composition using 454 pyrosequencing of the bacterial 16S rRNA gene. When samples collected from the two diet groups at 0 dpi were compared, there was a significant reduction in the proportion of Bacteroidetes and a concurrent increase in Firmicutes for malnourished mice compared to results for their healthy counterparts at the phylum level (Fig. 8A) . In healthy mice, MNV-1 infection also altered the microbiome, with a significant decrease in the Bacteroidetes/Firmicutes ratio compared to that for mock-inoculated or 20% (gray bars; healthy) protein diet were either mock inoculated (labeled "mock" on x axis) or immunized with 10 6 TCID 50 units MNV-1 (labeled "vax" on x axis for vaccinated). Six weeks later, all mice were challenged with 10 7 TCID 50 units MNV-1 p.o. At 1 day post-secondary challenge, mice were sacrificed and the indicated tissues were harvested for virus load determination using a standard plaque assay. The data for all mice per condition were averaged, and the limits of detection are indicated by dashed lines. Groups compared for statistical analysis include diet-matched mock versus vax, mock on 2% versus 20% protein diets, and vax on 2% versus 20% protein diets. controls; no changes were observed in malnourished mice as a result of MNV-1 infection at the phylum level (Fig. 8B) . Data are presented for 5 dpi; a similar pattern was observed at all time points postinfection (data not shown). By categorizing our microbiome data sets into operational taxonomic units (OTUs), we identified three OTUs that displayed highly significant and inverse z scores when comparing the two diet groups. The closest match of the representative sequence in these OTUs to database entries was to Gram-negative bacterium cL10-2b-4, Clostridiales bacterium r41, and human intestinal firmicute CJ31. These bacterial species are thus likely regulated by nutritional status. We also identified one OTU-matching closest to rumen_bacterium_RC-2-that was affected in its abundance upon MNV-1 infection in both diet groups, suggesting a specific correlation with viral infection.
DISCUSSION
Malnourished mice develop more severe and prolonged MNV-1 infections. In general, malnourished hosts are highly susceptible to severe and prolonged viral infections (3). Circumstantial evidence indicates that HuNoV infections are more severe in the context of malnutrition-HuNoV infections are responsible for 3 to 20% of pediatric diarrheal cases that require hospitalization in developing countries (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) , whereas HuNoV-infected children in industrialized nations develop self-limited gastroenteritis that rarely requires treatment. Data from our new model of MNV infection in malnourished mice provide unequivocal evidence of nutrition-regulated NoV susceptibility: malnourished mice developed more severe MNV-1 infections as evidenced by weight loss (Fig. 1B) and impaired control of viral replication in the stomach and spleen (Fig. 2) . It should be noted that both healthy and malnourished mice were symptomatically infected with MNV-1, as indicated by increased fluid within the intestinal lumen at 3 dpi (Fig. 1C) . We have previously published that MNV-1 does not induce intestinal fluid accumulation in healthy wild-type mice (16) . Since previous studies were carried out at Louisiana State University Health Sciences Center, Shreveport, while current studies were performed at University of Florida, Gainesville, it is possible that institutional variability in intestinal microbial composition or other environmental factors account for our discrepant results. We excluded diet as the confounding variable since mice fed either the 20% protein diet used in the current study (Harlan TD.91352) or the diet used in previous studies (Harlan Teklad LM-485) displayed comparable intestinal fluid accumulation at 3 dpi (data not shown). In spite of the observed institutional variability, this quantitative measure of intestinal fluid accumulation provides further support that MNV infection indeed replicates HuNoV pathogenesis in causing gastroenteritis in immunocompetent hosts. Although malnourished mice did not develop more severe gastroenteritis as measured by intestinal fluid accumulation, they did lose weight upon MNV-1 infection, while healthy mice maintained normal body weight. Thus, although both groups developed symptomatic infection, the outcome was more severe in the malnourished host.
Malnourished mice were also delayed in clearing MNV-1 from a wide range of tissues: while healthy mice cleared virus from were either mock inoculated (labeled "mock" on x axis; n ϭ 4) or immunized with 10 6 TCID 50 units MNV-1 (labeled "vax" on x axis, for vaccinated; n ϭ 6). Six weeks later, all mice were challenged with 10 7 TCID 50 units MNV-1 p.o. A third group of mice was included for each diet that received mock inoculum at both infections (labeled "naïve" on x axis; n ϭ 3). At 3 days post-secondary challenge, mice were sacrificed and intestinal fluid was measured as described in Materials and Methods. The data for all mice per condition were averaged. Groups compared for statistical analyses include diet-matched naive versus mock, naive versus vax, and mock versus vax. Groups of mice (n ϭ 5) fed either a 2% (white bars; "MN" on the x axis, for malnourished) or 20% (black bars; "H" on the x axis, for healthy) protein diet were infected with 10 6 TCID 50 units MNV-1. At 50 dpi, fecal pellets were collected and processed as described in Materials and Methods. The virus stock used for inoculation was analyzed in the same manner. This sequence set was used to estimate average genetic divergence, i.e., pairwise distances between sequences at a given time point and the infecting viral stock (y axis) for each animal-specific data set (x axis). Here we report maximum-likelihood estimated divergence in all nucleotide ("total" on x axis), nonsynonymous ("dN" on x axis), and synonymous ("dS" on x axis) substitutions per site estimated using the Nei-Gojobori method. Statistical analysis to compare the two diet groups was performed with the Mann-Whitney U test. Statistically significant P values (Ͻ0.05) are shown. nearly all tissues by 7 dpi (with the exception of very low levels of virus remaining in the cecum and colon), malnourished mice failed to clear virus from the stomach, all regions of the small and large intestines, MLNs, and spleens until 10 dpi (Fig. 2) . It should be noted that reverse transcription-PCR (RT-PCR) amplification of the viral genome is much more sensitive than determining titers of infectious virus by plaque assay. Underscoring this point, we amplified viral the genome from fecal samples of infected mice at 50 dpi irrespective of diet (Fig. 6) . Thus, although infectious virus was undetectable by 7 to 10 dpi in both diet groups, the mice remained persistently infected at a low level for at least 50 dpi. It has been reported that MNV-1 establishes only acute infections that are cleared by 7 dpi in healthy wild-type mice even when using a sensitive quantitative RT-PCR (qRT-PCR)-based detection approach (53); however, it is becoming increasingly clear within the NoV community that viral persistence is influenced by yet-to-beidentified environmental factors. Our data clearly show that MNV-1 established persistent infections in wild-type C57BL/6 mice in the environment under which our mice are housed, albeit at a very low level. Importantly, this allowed us to study intrahost viral evolution in wild-type mice (see below). Collectively, MNV-1 caused more severe and prolonged infections in malnourished mice than in healthy mice.
Malnourished mice are impaired in their ability to induce protective immunity to MNV-1. Malnutrition generally results not only in a reduced ability to control mucosal infections but also in a reduced ability to develop protective immunity toward subsequent reinfections, underscored by the poor response to certain oral vaccines in malnourished individuals (54, 55) . This is also reflected in our new model system: malnourished mice mounted a dramatically reduced mucosal IgA and slightly reduced serum IgG The crystal structure of the P domain of MNV-1 VP1 (amino acids [aa] 225 to 541; PDB 3LQE) is shown. In all panels, the protein is shown in blue, and the nonsynonymous mutations observed in our study are shown as red spheres. The protein backbone depicted in ribbon diagrams (A, B, E, and F) and the molecular surface (C, D, G, and H) are represented for both diet groups at 35 and 50 dpi. While a majority of the mutations observed in both diet groups at 35 dpi appeared to be solvent inaccessible and segregated in the P1 domain of VP1, a majority of the mutations observed at 50 dpi largely clustered on the solvent-exposed surface of the P2 domain. A significantly higher number of such mutations were detected in the 2% protein diet group at both time points. response to MNV-1 compared to those of healthy hosts (Fig. 3) . Elucidating the immunological basis for this impaired humoral immune response could have broad applicability considering that malnourished hosts also develop reduced antibody responses to influenza virus, Streptococcus pneumoniae, Plasmodium falciparum, the measles virus vaccine, and a DNA vaccine against tuberculosis (56-59). Importantly, reduced MNV-1-specific antibody levels in immunized malnourished mice correlated with a loss of protection from a secondary challenge when viral tissue titers (Fig. 4) and intestinal fluid accumulation (Fig. 5) were used as indicators of protection. In fact, virus titers for rechallenged malnourished mice were even higher than primary titers in certain tissues. One explanation for increased virus loads in rechallenged malnourished mice is that malnourished hosts become persistently infected and thus contain residual primary virus titers. However, we did not detect infectious virus at 10 dpi in a large panel of tissues (Fig. 2) , so this possibility seems unlikely. Another possibility that we are currently exploring is immune-mediated enhancement of infection. For example, the reduced antibody response in malnourished mice may be below a concentration threshold, or of insufficient affinity or avidity, to neutralize virus and instead enhance interaction with Fc receptors on permissive phagocytic cells, as observed for Dengue virus (60) . Dissecting the basis of this immunization-enhanced infection has significant implications regarding HuNoV vaccination strategies in the developing world. Overall, there were no significant reductions in secondary virus titers compared to primary titers in malnourished mice except in the spleen, suggesting that malnutrition specifically reduces the induction or maintenance of a mucosal immune response. This idea is further supported by the dramatic reduction in mucosal but not peripheral antiviral antibody levels. Finally, the data presented in Fig. 5 represent the first protection study performed in the MNV model system using disease in a wild-type host as a readout. The availability of a quantifiable measure of disease should prove valuable in testing immunization and therapeutic strategies for NoV infections.
There is greater MNV-1 diversity in malnourished mice than in healthy mice. Grenfell et al. presented a viral phylodynamic framework that predicts that an RNA virus will adapt most readily under conditions of intermediate immunity in which the virus can replicate efficiently in the face of a weak immune response (61) . Based on the reduced antiviral antibody responses and delayed MNV-1 clearance in our malnourished hosts, we thus questioned whether they would support a higher level of NoV evolution than healthy hosts. Indeed, MNV-1 adapted more readily in malnourished mice than in healthy mice by 50 dpi, with a specific increase in VP1 P-domain coding changes (Fig. 6 and 7) . Interestingly, there was also a trend toward lower diversity in the viral swarms of both groups of mice than in the original inoculum by 35 dpi, suggesting that in both models the evolution of the virus may be characterized by a population bottleneck. When considered together, these collective results suggest that increased viral replication in malnourished hosts early in infection (e.g., see Fig. 2 ) establishes a complex viral quasispecies that more readily evolves in response to immune pressure. They also suggest that the most likely HuNoV reservoirs are individuals with suboptimal but not ablated immune responses, including malnourished hosts. Consistent with this, Siebenga et al. observed for HuNoV-infected people that the number of amino acid changes over time was higher in patients with intermediate immunocompromise than in more severely immunocompromised patients (62) .
Although a majority of adaptive mutations were detected in only one diet group, a lysine-to-glutamate change at VP1 position 296 became predominant in both diet groups over time. Specifically, 7% of virus inoculum clones contained a glutamate residue at this position, while 59% and 75% of clones obtained from fecal pellets of our collective group of mice contained a glutamate at 35 and 50 dpi, respectively. This specific change arises during cell culture passaging of MNV-1 (29, 63) and has been associated with attenuation in STAT1 Ϫ/Ϫ mice (28, 29) . Most MNV strains other than MNV-1 identified to date have a glutamate at this position (29) , suggesting a fitness advantage to the virus since it is routinely selected for in vitro and in vivo in spite of its attenuating phenotype in interferon-deficient mice. Amino acid 296 occurs in the hypervariable P2 region of VP1, so a lysine-to-glutamate change may alter the efficiency of receptor engagement.
Malnutrition and MNV-1 infection independently influence the composition of the microbiota. Our data provide strong evidence that both malnutrition and NoV infection can heavily influence the gut microbial composition, in particular the Bacteroidetes/Firmicutes ratio. A similar decreased Bacteroidetes/ Firmicutes ratio has been observed in malnourished Bangladeshi children relative to their adequately nourished counterparts (64) , in obese mice (65) , in obese people (66) , in mice with a humanized microbiota that are switched from a low-fat, plant polysacchariderich diet to a high-fat, plant polysaccharide-low Western diet (33) , in European children relative to children in Burkina Faso (30) , and in antibiotic-treated mice (67) . A Bacteroides-enriched enterotype is highly associated with animal protein, with enterotype members deriving their energy primarily from proteins and carbohydrates (32, 68) , providing a functional clue as to the reduced proportion of Bacteroides species in a protein-deficient environment. It is intriguing that MNV-1 infection of healthy mice caused a shift to a "malnourished" microbial signature. Early studies of HuNoV infections in human volunteers demonstrated a transient decrease in activity of specific brush border enzymes involved in digestion and nutrient absorption (69) , so it is possible that this causes an acute state similar to malnutrition that alters the microbial community within the intestine. Nelson et al. observed a similarly decreased proportion of Bacteroidetes in ca. 20% of a small study group of HuNoV-infected individuals in the United States, although these individuals had an increased proportion of Proteobacteria, in contrast to the increased proportion of Firmicutes observed in MNV-1-infected healthy mice (40) . Future studies will aim to investigate the specific impact of these microbial changes on the outcome of NoV infection and viral evolution. These changes could be direct (e.g., recent work shows an increase in free sialic acid in the gut lumens of antibiotic-treated mice displaying a dramatically decreased Bacteroides/Firmicutes ratio [67] ; multiple MNV strains utilize sialic acid as an attachment receptor, so luminal sialic acid could in effect neutralize virus) or indirect (e.g., Bacteroides species can induce specific types of immune responses [70] [71] [72] [73] , so their absence may influence the host antiviral response).
Overall, we present an extensive characterization of MNV infection in malnourished hosts, setting the foundation to probe the complex relationships between nutritional status, mucosal immunity, and the microbiota that shape the overall host response to enteric pathogens.
MATERIALS AND METHODS
Mice and diets. Pregnant wild-type C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA) and housed in animal facilities at the University of Florida under specific-pathogen-free conditions. For all experiments, sex-matched 3-week-old C57BL/6 mice were randomly assigned at the time of weaning to isocaloric diets (Harlan Laboratory, Maine) containing 2% (TD.92203) or 20% (TD.91352) protein; the diets were made isocaloric by substituting sugar and starch for the protein. Mice were maintained on their respective diets throughout the experiments. All animal research conducted in the present study was approved by the Institutional Animal Care and Use Committee at the University of Florida (study number 201107166 or 201107538).
Virus and infections. MNV-1 isolate CW3 (16) at passage 7 (referred to herein as MNV-1) was used in all experiments. A virus stock was generated by centrifuging infected RAW 264.7 cell lysates through a sucrose cushion and fractionating on a cesium chloride gradient, as previously described (16, 63) , and titrated using a standard TCID 50 assay (53) . A mock inoculum stock was prepared in parallel using RAW 264.7 cell lysate from uninfected cultures. For all experiments, mice were inoculated perorally (p.o.) with 25 l MNV-1 or mock inoculum. When virus loads were determined, mice were perfused and tissues were dissected, weighed, and homogenized in medium by bead beating using 1.0-mm zirconia/silica beads (BioSpec Products, Inc.). Plaque assays of tissue samples were performed as previously described (17, 63) , and data are presented as PFU per gram of tissue.
Gastroenteritis assay. Intestinal fluid accumulation was assessed using a standard assay (16, 17) . In brief, the small intestine was ligated at pyloric and cecal junctions, dissected, weighed, and measured for length. Intestinal fluid accumulation was indicated by a weight/length ratio that was increased for infected mice over that for controls.
Virus-specific ELISA. Submandibular puncture was used to collect serum from mice at the indicated time points postinfection. Fecal pellets (0.05 g) were collected into 0.5-ml phosphate-buffered saline (PBS) containing protease inhibitor cocktail (Sigma), homogenized, and centrifuged at 20,000 ϫ g at 4°C for 20 min. An MNV-1-specific ELISA has been previously described (25) . In brief, 96-well plates were coated with 250 ng of MNV-1 recombinant VP1/VP2 (rVP1/2) protein and incubated at 4°C overnight. Serum samples diluted 1:20 or fecal lysates diluted 1:10 were applied, followed by anti-mouse IgG or anti-mouse IgA conjugated to horseradish peroxidase (HRP) as a secondary antibody, respectively. After addition of the ABTS [2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid] substrate, absorbance values were read at 410 nm using a Spectramax M2 plate reader. A standard curve was generated for each plate using serial dilutions of a positive-control MNV-1 serum sample to ensure plate-toplate consistency. Serum and fecal samples from an equivalent number of mock-inoculated control mice were tested in parallel with experimental samples. The average value of controls was used as an indication of baseline detection levels. Viral diversity. Fecal pellets from mice administered mock inoculum or 10 7 TCID 50 units MNV-1 p.o. were collected into 1 ml RNALater (Qiagen) at the indicated time points and flash-frozen in a dry ice-ethanol bath. The fecal samples were homogenized by mashing with a pipette tip and vortexing. Samples were clarified by centrifugation, passed through a 0.45-M filter, and RNA extracted using the QIAamp viral RNA minikit (Qiagen). The RNA was converted to cDNA using the ImProm-II reverse transcription system (Promega), and ORF2-specific primers (ATGAGGA TGAGTGATGGCGCAGC; TTATTGTTTGAGCATTCGGCCTG) were used with PfuUltra II Fusion HotStart DNA polymerase (Agilent Technologies) to amplify the full-length 1,626-nucleotide (nt) ORF2 gene. After cloning the PCR products into pCR-Blunt II-TOPO (Life Technologies), 10 to 15 clones per individual were sequenced using universal T7 and SP6 primers and two virus-specific primers: MNV1.F8 (TGTTGCCC TTGTACCACCCTATTT) and MNV1.R9 (CACGAACCCTGCCATCC AC). The MNV-1 stock used for inoculation was sequenced and analyzed in the same manner. Multiple sequence alignments were generated with the BioEdit software program (http://www.mbio.ncsu.edu/bioedit /bioedit.html). A neighbor-joining phylogenetic tree, based on pairwise p-distances (nucleotide changes per site), was inferred for all sequences using the MEGA 5.0 software program (74) to detect hypermutated sequences, which were excluded from subsequent analyses. Average viral diversity (i.e., the average pairwise distance among sequences at the same time point) and divergence (i.e., average pairwise distance between sequences at a given time point and the infecting viral stock), in nucleotide substitutions per site, were estimated with the maximum-likelihood composite method implemented in MEGA 5.0. The numbers of synonymous substitutions per synonymous site (dS) and nonsynonymous substitutions per nonsynonymous site (dN) were also estimated using the NeiGojobori method in MEGA 5.0. Standard errors for each estimate were obtained by bootstrapping (500 replicates).
Microbiota analysis. Fecal samples were collected from two groups each of mock-inoculated (n ϭ 3) and MNV-1-infected (n ϭ 5) mice at 0, 1, 2, 3, 4, and 5 dpi; one group was fed a 2% protein diet, while the other was fed a 20% protein diet, as described above. For each fecal sample, DNA was extracted from 100 to 150 mg feces using a modified Qiagen stool DNA extraction protocol with a bead-beating step (75) . The V1-to-V3 hypervariable region of the bacterial 16S rRNA gene was then amplified with a bar-coded pyrosequencing primer based on the universal primers 27F and RF33 and sequenced on a Roche 454 GS-FLX Plus system. From the resulting raw data set, low-quality sequences or sequences with a length less than 150 nt were removed. We used the ESPRIT-Tree algorithm, which maintains the binning accuracy of ESPRIT while improving computational efficiency of hierarchical clustering to bin sequences into operational taxonomic units (OTUs) using similarity levels from 99% (species/strain level) to 80% (phylum level) (76, 77) . We used the QIIME software package to calculate Chao rarefaction diversity and UniFrac distances for comparing ␣ and ␤ diversity, respectively (78, 79) . Using the Excel program and a heat map generator, we utilized proportion analysis to create summary pie charts and bar charts of individual data sets and heatmaps by OTU z score and prevalence.
Statistical analysis. All data analyses presented in Fig. 1 to 6 were performed using GraphPad Prism software. In all graphs, standard errors of means were used to define error bars and P values were determined using unpaired two-tailed t tests. One asterisk represents P values of 0.01 to 0.05, two asterisks represent P values of 0.001 to 0.01, and three asterisks represent P values of less than 0.001. A one-tailed Mann-Whitney U test was used to assess whether average viral divergence in the malnourished group was significantly higher (P Ͻ 0.05) than that in the healthy group at 35 dpi and 50 dpi.
